Introduction
Primary central nervous system (CNS) neoplasms are the most common paediatric solid tumours and the leading cause of cancer-related death in children. Although the survival for children with certain CNS tumour types has improved through current surgical and adjuvant treatment modalities, the outcome of many high-grade tumours remains dismal despite aggressive treatment, still representing a challenge for paediatric oncologists [1] [2] [3] . The World Health Organization (WHO) initially published a sophisticated classification of CNS tumours in 1979 based on histopathology and three further editions were published thereafter [4, 5] . A simplified but clinically useful categorization is to distinguish embryonal tumours (primitive neuroectodermal tumours, PNETs), glial tumours and others (neural, mesenchymal, lymphomas, germ cell tumours, etc.). The WHO classification also provides a parallel grading system for each type of tumour, which is of critical importance to decide on the management. Low-grade (WHO gra-de I-II) tumours are generally locally aggressive and can be managed with surgery, and radiotherapy (RT) in case of incomplete excision. However, high-grade tumours (WHO grade III-IV) are very aggressive tumours with high metastatic potential. Although a multimodal approach including surgery, RT and chemotherapy (CT) is the usual treatment for high-grade CNS tumours, recurrences are frequent and the prognosis of these malignancies remains poor. The most common paediatric high-grade glial tumours are grade III anaplastic astrocytomas, anaplastic ependymomas and grade IV glioblastoma multiforme (GBM). All embryonal tumours are grade IV malignancies and the most common is medulloblastoma (MB), followed by supratentorial PNET. In this study, we analysed our patients with high-grade brain tumours within an 18-year period to determine the histopathology, clinical characteristics, treatment modalities, and survival.
Material and methods
A total of 74 patients with a diagnosis of "high-grade brain tumour" between 1992 and 2010 in the Department of Pediatric Oncology, Gazi University Medical Faculty, Ankara, Turkey, were analysed. Beside 62 patients with a pathological diagnosis, 12 patients with diffuse intrinsic pontine gliomas without a biopsy were also included in the study as they were accepted as highgrade glial tumours. The clinical characteristics of the patients at diagnosis are given in Table 1 . There were a total of 31 patients with embryonal tumours, 27 patients with high-grade glial tumours (excluding brain stem glioma), 12 patients with brain stem gliomas and 4 patients with other high-grade brain tumours.
The surgical interventions were planned and performed by an experienced senior neurosurgeon (KB). Unfortunately, no CSF examination obtained during surgery was available for the great majority of the patients. The adjuvant CT and RT decisions were made after a detailed discussion of each patient by physicians consisting of paediatric oncologists, neurosurgeons, radiation oncologists, pathologists and radiologists. The same procedure was performed in the case of relapsed or progressive disease as well as changes in the treatment protocols. Cranial and spinal magnetic resonance imaging (MRI) studies were performed in all patients at diagnosis and post-operative computerized tomography or MRI was obtained within 48 h for the detection of the residual mass. The follow-up imaging studies were done every 3 months for the first 2 years, every 6 months until 5 years after the operation, and thereafter yearly. The follow-up period was defined as the period from the date of diagnosis up to the date of the last medical review or the date of death. Statistical analysis was performed with the statistical program SPSS version 13.0. Kaplan-Meier analysis was performed for determination of the survival and the chi-square test was used to identify factors of significance.
Results
The clinical characteristics of the patients according to tumour localization and the treatment modalities and the final status of the patients according to tumour type are given in Tables 2 and 3 , respectively. The outcome of all the patients is given in Table 4 . The patients lost to follow-up were included for statistical analysis and were accepted as "events" in the EFS. Of the 5 patients with initial spinal metastasis, the patient with anaplastic ependymoma was still under CT, one of the patients with MB was surprisingly alive with disease after 102 months of diagnosis, and the three other patients were dead of progressive disease. The overall survival rate (OS) and event-free survival rate (EFS) of our patients were 27% and 19.5%, respectively ( Figs. 1 and 2 ). The OS of the patients with embryonal tumours (MBs, PNETs and ependymoblastomas), high-grade glial tumours (anaplastic astrocytomas, anaplastic ependymomas, anaplastic oligodendrogliomas, anaplastic gangliogliomas, glioblastomas multiformes, and undifferentiated high-grade glial tumours, excluding brain stem gliomas), and brain stem gliomas were 33%, 36% and 11%, respectively. Whereas there was no statistically significant difference between glial and embryonal tumours (p > 0.05), the OS of both embryonal and glial tumours were longer than brain stem gliomas, as expected (p = 0.001 and p = 0.005). The EFS of the patients with embryonal tumours, high-grade glial tumours, and brain stem gliomas were 22%, 23% and 9%, respectively. Again there was no statistically significant difference between glial and embryonal tumours (p > 0.05) in our series but this result should be cautiously interpreted due to the small number of patients because embryonal tumours were shown to have a better prognosis than high-grade glial tumours with modern treatment methods. The EFS of both embryonal and glial tumours were longer than brain stem gliomas (p = 0.03 and p > 0.05). 
PNET -primitive neuroectodermal tumour; DIA -desmoplastic infantile astrocytoma
The OS of the patients with gross total resection, subtotal resection, biopsy only and without surgery (brain stem gliomas) were 36%, 37%, 0%, and 11% respectively. Surprisingly, there was no statistically significant difference between patients with total and subtotal resection (p > 0.05). The OS of both gross total resection and subtotal resection groups were significantly longer than biopsy only (p = 0.01 and p < 0.05, respectively) and inoperable groups (p = 0.01 and p = 0.006). The EFS of the patients with gross total resection, subtotal resection, biopsy only and without surgery were 29.5%, 22%, 0%, and 9% respectively. Again, there was no statistically significant difference between patients with gross total and subtotal resection (p > 0.05). The EFS of the patients with gross total resection were longer than patients with biopsy only (p < 0.05), and there was no statistically significant difference between patients with subtotal resection and biopsy only (p > 0.05). The EFS of the patients with gross total resection and subtotal resection were significantly longer than patients without surgical intervention (p = 0.002 and p < 0.05, respectively). The OS of the patients treated with combination CT protocol, CCNU-based CT and without CT were 44%, 31.5%, and 22%, respectively. There was no statistically significant difference between these three groups (p > 0.05). All of the 6 patients treated with temozolomide were dead or lost to follow-up with disease. The EFS of the patients treated with combination CT protocol, CCNUbased CT and without CT were 44%, 19%, and 14% respectively. Although there was no statistically significant difference between combination CT and CCNU-based CT groups (p > 0.05), the EFS of both the CT groups were significantly longer than the group without CT (p = 0.006 and p = 0.05). Ten patients (3 PNETs, 3 brain stem gliomas, 2 ana plastic ependymomas, 1 MB and 1 high-grade glial tumour) were less than 3 years of age at the time of diagnosis and only 3 of them had a gross total resection. Five of these patients were dead (all PNETs, 1 brain stem glioma and 1 anaplastic ependymoma), 2 patients were lost to follow-up with disease (brain stem gliomas) and 3 patients were in remission at the time of the study. The OS of the patients < 3 years of age and > 3 years of age at diagnosis were 31% and 26%, respectively (p > 0.05). 
Discussion
Paediatric CNS tumours are a heterogeneous group of neoplasms with different origins, pathobiologies, treatments and prognoses. Advances in the management of paediatric brain tumours have been less successful than in other areas of paediatric oncology. Although significant improvement in the outcome of certain brain tumours such as MB and ependymoma were achieved with modern treatment modalities, survival advantages have still not been found for the others [3, 6, 7] . The WHO histopathological classification and grading is a useful but less than adequate method to determine the prognosis of childhood CNS tumours as the genetic characteristics of low-grade and high-grade brain neoplasms in children were found to influence the clinical outcome [8] .
While surgery and RT are the mainstay of therapy, complete surgical resection is generally difficult to perform effectively and RT has the potential to damage the child's developing nervous system. Chemotherapy has also played a key role in improving survival in certain paediatric CNS tumours. Medulloblastoma is the first brain tumour to show efficacy of CT in large prospective trials. However, many children with brain tumours remain incurable with current therapies and CT regimens for almost all patients with high-grade gliomas and for most young patients with residual or metastatic disease of any histology are not effective. Modest improvements in outcome may be achieved by further refining treatment schedules, and introducing new chemotherapeutic agents [9, 10] . Overall survival and EFS in our series seems to be inferior compared with most series reported in the literature. The reasons for this result are the inclusion of patients dating nearly two decades ago in the study and, more importantly, the transfer of complicated cases to our centre, especially for surgery. Also, we analysed a heterogeneous group of CNS tumours including brain stem gliomas with a very poor prognosis. Although we apply modern surgery, CT and radiation therapy techniques nowadays, we are still not able to base the management of our patients on molecular genetic studies. The limitation of our study is the small number of patients for each particular tumour type.
The limited number of new drugs against paediatric brain tumours is somewhat disappointing. Temozolomide (TMZ) is an oral alkylating agent with proven antitumoural activity in adults with high-grade glioma (HGG). Although TMZ has shown evidence of activity against paediatric HGGs and MBs, clinical trials conducted in paediatric HGGs and diffuse pontine gliomas have failed to demonstrate a survival advantage with this agent [7, 11, 12] . Our patients treated with TMZ were diagnosed with brain stem glioma, GBM and anaplastic ganglioglioma. They tolerated TMZ treatment well without significant neutropenia, but no response was obtained. Early promising results from a limited single institution phase II study of irinotecan were not confirmed in subsequent, larger studies [7, 13] . Recently, preclinical studies of flavopiridol suggested potential efficacy of this synthetic flavonoid inhibitor of cyclin-dependent kinases against rhabdoid tumour cell lines, and phase II studies are awaited [14] . However, we used neither of these agents in our patients. High-dose chemotherapy (HDCT) followed by haematopoietic stem cell transplantation (HSCT) has been used from many years for high-risk, metastatic or recurrent paediatric CNS tumours, particularly MB and HGG. Leptomeningeal dissemination was one of the most important indications because of the possibility of resistance to standard CT [7, [15] [16] [17] . It is suggested that a selected group consisting of young patients treated with CT alone as initial therapy followed by HDCT + HSCT and RT at the time of disease recurrence may be able to achieve durable disease control. Patients with metastatic recurrent disease have a much worse outcome. There is also evidence that HDCT+HSCT might have a role in embryonal tumours of infants and young children, such as rhabdoid tumours, highrisk MB and supratentorial primitive neuro-ectodermal tumours [18] [19] [20] [21] [22] [23] [24] . The HDCT for high-risk patients was particularly useful for patients who were in remission before HDCT. Because of these limitations in the patient selection and the physical limitations of our clinical in the early years, we had no candidate patient for HDCT/HSCT. Sequential high-dose CT regimens have recently been piloted with success and the use of this modality is increasing as an alternative to single high-dose regimens [25] [26] [27] .
Fractionated schedules of drug administration using smaller doses than the maximum tolerated dose (metronomic schedules) might increase the antiangiogenic activity of certain drugs [28] . There are potential advantages of metronomic CT with minimal toxicity in the context of paediatric brain tumours. The most commonly used agents are etoposide, temozolomide, cyclophosphamide and vinblastine given alone or in combination. Phase I or II studies of small molecules that target specific pathways or proteins in the cancer cells such as gefitinib, everolimus, imatinib, cloretazine, tipifarnib and semaxanib revealed no optimistic results, despite occasional observations of stable disease. On the other hand, the mTOR inhibitor rapamycin is found to be useful in tuberous sclerosis patients with subependymal giant cell astrocytomas. There is currently no other proven role for molecular targeted therapy as monotherapy in paediatric neuro-oncology [29, 30] .
Despite developments in neurosurgery and new drugs in CT, irradiation is an essential part of the management in most paediatric brain tumours. Conformal RT techniques are performed using multiple treatment fields, allowing for a high homogeneous dose of irradiation to be delivered to the tumour region while minimizing the doses to normal tissue [31, 32] . The development of conformal radiation techniques has also opened the possibility for re-irradiation in the setting of failure after conventional treatment. It is suggested that re-irradiation with curative intent can be considered for patients with recurrent ependymoma after previous focal irradiation and also a subset of children with recurrent MB can be salvaged with multimodal treatment that includes HDCT and re-irradiation [7] .
High-grade gliomas represent approximately 8% to 12% of all paediatric CNS tumours and this percentage increases when diffuse intrinsic pontine gliomas are also categorized as high-grade gliomas. Children with HGG carry a little better prognosis than in adults, but outcomes for these patients also remain poor [31, 33] . These tumours are locally invasive and rarely present with signs of leptomeningeal or distant spread. The degree of surgical resection is one of the most important clinical prognostic factors known in children with supratentorial HGG, independent of location, histology, and age. Histological grade influences outcome whereby patients with WHO grade 3 (anaplastic astrocytomas) tumours have a superior outcome as compared to patients with WHO grade 4 (GBM) tumours. The analysis of 6212 cases of gliomas from the Surveillance, Epidemiology, and End Results Database revealed that tumour grade is the most significant independent prognostic factor in all age groups except the youngest age group, in which the extent of resection was most significant. Surgery other than gross total resection was an adverse prognostic factor and age < 3 years predicted a greater likelihood of survival in patients with HGGs and brainstem tumours [34] . Paediatric HGGs harbour a distinct spectrum of genetic aberrations compared to adults and it was suggested that younger children harbour high-grade tumours with unique molecular and biologic characteristics. Also, overexpression of epidermal growth factor receptor (EGFR) protein and mutation of the TP53 tumour suppressor gene with or without overexpression of the p53 protein are some of the genetic features of paediatric HGGs [35] [36] [37] . The standard adjuvant treatment consists of a combination of focal RT and CT in children > 3 years of age and CT alone for younger children. Some new drugs such as TMZ were well tolerated and somewhat effective in children with recurrent high-grade glioma but it is still unclear whether TMZ plus irradiation offers improved survival as compared to irradiation alone [31, 33, 38, 39] . We have a small number of patients treated with TMZ yielding limited information for an objective comment.
Tumours within the brain stem represent 15-20% of all paediatric CNS tumours. The majority of these tumours are diffuse and infiltrating lesions of the pons known as diffuse intrinsic pontine gliomas, and are highly infiltrative and aggressive lesions that are not generally considered amenable to surgical resection. The prognosis for children with diffuse brain stem glioma is still very poor, with an OS less than 10% to 15%, and conventionally fractionated local therapy remains the standard of care. Multiple trials involving various regimens of CT and several studies on new chemotherapeutic agents, small molecules, or radiosensitizers are ongoing. TMZ with RT has not yielded any improvement in the outcome of diffuse intrinsic pons glioma compared with RT alone [40] . Concurrent RMP-7 and carboplatin with radiation therapy can be a feasible option, requiring more studies to prove the efficacy. Very little is known about the genetic and molecular biology of diffuse intrinsic pontine glioma, and if stereotactic biopsies can be performed at diagnosis, biological and molecular data will help to direct future targeted therapies [31, 33, [41] [42] [43] [44] . We have used no CT in the majority of our patients with diffuse infiltrating pons glioma and used low dose or metronomic CT in the others.
Medulloblastoma/PNET accounts for approximately 20% of brain tumours occurring in the paediatric age group. Medulloblastoma is one of the few high-grade CNS tumours showing improved outcome. The 5-year progression-free survival rates and OS of 50-60% evolved to survival rates as high as 85% in children with non-disseminated MB and survival rates of 65-70% in higher-risk patients. Adjuvant CT has resulted in a significant improvement in the survival of children with MB. For patients with standard risk MB, good results were obtained with pre-irradiation CT and full dose craniospinal irradiation, or with reduced dose RT and adjuvant CT. Although risk-adapted RT followed by dose-intensive CT improved the outcome of children with high-risk MB, the outcome for patients with metastatic disease still remains poor. Molecular genetic prognostic factors such as high Trk C expression, cmyc mRNA expression, β-catenin mutation and ERBB2 overexpression in MBs have been increasingly well characterized and the next major step in the management of MB is the integration of biological advances to the patient risk characterization and treatment [2, 31, 41, 45, 46] . Supra-tentorial PNETs are histologically the same as MBs, but have a worse prognosis. Chemotherapy is less effective and the results of multi-institutional studies did not support lowering the craniospinal dose for these tumours [47] [48] [49] [50] . The results in our patients with embryonal tumours seem to be far from optimal for nowadays, with an OS of 33%, but we expect an improvement with the use of modern approaches in surgery, RT and possibly CT in the last years.
In patients with malignant ependymomas, factors such as extent of surgical resection, tumour location, and degree of anaplasia probably all affect the likelihood of long-term survival. At present the standard treatment is radiation therapy for all patients after gross-total or near-total resection and poorer survival rates were noted for children with subtotally resected tumours. In patients with localized ependymoma, limited volume conformal radiation therapy achieves high rates of disease control and results in stable neurocognitive outcomes. The predominant site of failure is the primary tumour site, and craniospinal irradiation should be omitted in patients with localized disease. Although the utility of CT in the management of ependymomas is questionable, CT coupled with RT might improve survival for high-risk patients with subtotally resected ependymomas [2, 31, [51] [52] [53] .
In conclusion, paediatric high-grade CNS tumours have a very aggressive behaviour and a significant number of children eventually succumb to disease despite multimodal treatment. There is a need of more effective therapeutic approaches for these tumours with poor prognosis. In the treatment of children with high-grade brain tumours, paediatric oncologists must overcome the poor response rate to adjuvant treatment taking into consideration the fragility of the developing brain that is particularly vulnerable to RT and CT. The major hope for future improvements in childhood high-grade CNS tumour management depends on a better understanding of the molecular genetics and biology of brain tumours, allowing molecularly targeted therapies to be used in the treatment of these tumours.
